The structure and function of each individual mammary epithelial cell (MEC) is largely controlled by a bidirectional interchange of chemical and mechanical signals with the microenvironment. Most of these signals are tissue-specific, since they arise from the threedimensional (3D) tissue organization and are modulated during mammary gland development, maturation, pregnancy, lactation, and involution. Although the important role played by structural and mechanical signals in mammary cell and tissue function is being increasingly recognized, quantitative biomechanical approaches are still scarce. Here we review currently available biomechanical tools that allow quantitative examination of individual cells, groups of cells or full monolayers in two-dimensional cultures, and cells in 3D cultures. Current technological limitations and challenges are discussed, with special emphasis on their potential applications in MEC biology. We argue that the combination of biomechanical tools with current efforts in mathematical modeling and in cell and molecular biology applied to 3D cultures provides a powerful approach to unravel the complexity of tissue-specific structurefunction relationships.
INTRODUCTION
The mammary gland is a highly organized organ comprised of a branched ductal network of bilayered epithelium embedded in a complex mesenchymal stroma. Luminal epithelial cells lining the ducts are surrounded by an outer layer of myoepithelial cells that attach to the basement membrane (BM) (1) . Full functional differentiation occurs during pregnancy and leads to the formation of acinar structures at the end of the ducts, which produce the milk (2) . To achieve and maintain this remarkable level of tissue organization, mammary epithelial cells (MECs) and their surrounding extracellu- 1 Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California. 2 To whom correspondence should be addressed at Life Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS 83-101, Berkeley, California 94720; e-mail: mjbissell@ lbl.gov; jalcaraz@lbl.gov. lar matrix (ECM) must integrate their structure in a highly coordinated fashion. We hypothesized more than 20 years ago (3) that MECs accomplish this task by dynamically coordinating physical and biochemical signals from their microenvironment (defined by neighboring cells, surrounding ECM, and local soluble factors) (4). Some of the major elements involved in this bidirectional communication have been identified (1, 2, 5, 6) . However, the mechanisms by which MECs integrate biochemical and physical signals to
Abbreviations used: AFM, atomic force microscopy; BM, basement membrane; CSK, cytoskeleton; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; lrBM, lamininrich basement membrane; MBM, magnetic bead manipulation; MEC, mammary epithelial cell; MN, microneedles; MTC, magnetic twisting cytometry; OT, optical tweezers; SMC, substrates with micropatterned cantilevers; TPA, 12-O-tetradecanoyl phorbol 13-acetate; TPC, tracking of particles inside cells; TPS, tracking of particles inside the substratum; WAP, whey acidic protein; 2D, two-dimensional; 3D, three-dimensional; d, cell deformation; F, force; k, spring constant perform tissue-specific functions remain largely unknown. Our laboratory has developed experimental models based on the culture of MECs in designer microenvironments to dissect the chemical and physical signals that regulate cell fate during mammary gland development (4, 7) . This approach has allowed the identification of a hierarchical set of signals in which each additional level of functional differentiation (e.g., expression of milk protein genes) could be directly related to an additional level of change in cellular and tissue structure ( Fig. 1(A) ) (8) . MECs cultured on standard two-dimensional (2D) tissue culture plastic exhibited a flattened morphology and failed to express milk proteins in the presence of lactogenic hormones (when laminin or BM is not present). Prerounding the cells by culturing them on nonadhesive substrata was sufficient to induce the expression of the milk protein lactoferrin (9) . Unlike lactoferrin, additional signaling by laminin 1 was required to trigger the expression of β-casein in addition to the shape change. β-casein expression was inhibited when ECM-mediated cell rounding was prevented by the phorbol ester TPA ( Fig. 1(B) ) (9) . Interestingly, β-casein expression could be induced in single MECs even in the absence of cell-cell interaction and morphological polarity as long as laminin 1 was present. However, expression of whey acidic protein (WAP) was only achieved when MECs were cultured in a laminin-rich BM (lrBM), in which they form three-dimensional (3D) acinus-like structures that resemble those seen in vivo. Beyond milk protein genes (8), we have identified other sets of genes that are differentially expressed at each tier of organization (7, 10) .
Studies in vivo and in cell culture have provided further evidence of the role of mechanical and structural signals in regulating MEC function. In studies performed in the 1970s and 1980s, different groups modified the mechanical stresses generated in the ECM by culturing primary MECs in floating or attached collagen gels. These studies reported that expression of milk proteins was dramatically enhanced in floating gels (11) . Lee and coworkers (12) proved that this increase was due to de novo synthesis. Using a similar approach, Wozniak and coworkers recently found that tubulogenesis of MECs is induced in floating but not in attached gels (13) . In other mechanical studies, Pitelka and Taggart showed that mechanical forces generated in MEC sheets regulate the orientation of tight junctional components (14) . Furuya and coworkers reported that distension of MECs markedly affects intracellular Ca 2+ concentration and ATP release (15) . A set of structurallyoriented studies revealed that different biochemical signaling pathways are coordinated in MECs in 3D but not in 2D cultures (10) . Wang and coworkers showed that β1 integrin and epidermal growth factor receptor (EGFR) cross-talk in 3D but not in 2D (16) . In a recent work, Weaver and coworkers found that both normal and malignant MECs acquire an apoptosis-resistant phenotype when they recapitulate a 3D-polarized architecture, in a mechanism involving β 4 integrin-laminin interaction and NFκB activation (17) . In vivo, mechanical signals associated with suckling are thought to be important for the control of lactogenesis (onset of milk secretion), galactopoiesis (maintenance of lactation), and mammary gland growth (5) . The rate of milk secretion in particular has been related to changes in intramammary pressure that directly depend on milk accumulation in the gland (5) . Additionally, physical deformation of milk-burdened acini could trigger the apoptotic response that initiates mammary gland involution (e.g., regression of the milk producing epithelial compartments) after weaning (18) . While the above studies exemplify the important role that structural and, by inference, mechanical signals play in mammary cell and tissue function, physical signals have received little attention in general and quantitative biomechanical approaches are still scarce.
Cellular phenotype is commonly characterized by examining cellular morphology, the distribution of certain markers, and the level of expression of tissuespecific genes or genes involved in cellular organization. These approaches only provide qualitative or semiquantitative information, and do not measure the physical signals involved in the regulation of tissue-specific gene expression. This gap in the study of the relationships between form and function can be reduced by applying quantitative biomechanical and bioengineering techniques. The purpose of this review is to introduce currently available tools to probe and manipulate mechanical properties of adherent cells in culture, with special emphasis on their potential for mammary gland biology. Techniques are introduced according to their suitability to probe single cells, groups of cells or full monolayers in 2D cultures, and cells in 3D gels. For each technique, we provide a description of the basic operating principle, its capabilities, and limitations for cellular studies in general and reported applications in mammary gland biology in particular. Each additional level of tissue-specific function (e.g., expression of milk proteins) correlates with the acquisition of additional mechanical and structural features (7, 8, 10) . Different aspects of these structural features can be probed and manipulated in a quantitative fashion with currently available biomechanical tools. (B) Cell shape plays a central role in modulating functional differentiation in MECs. Cells cultured on a plastic dish (2D) undergo a slow morphological change (become rounded) and start expressing β-casein >24 h after treatment with laminin 1 and lactogenic hormones. In contrast, prerounded cells express abundant β-casein much more rapidly (in less than 8 h) (B, central column). Inhibition of laminin-induced cell rounding with TPA also inhibits β-casein expression. However, TPA alters neither shape nor β-casein expression in prerounded cells (B, right column adapted from Roskelley et al. (9) ). (19) . The more widely used tools are listed in Table I along with their different cellular applications. These tools have dramatically expanded our knowledge of different cellular biophysical properties including mechanical properties of cell membranes, cortical cytoskeletons, the cytoplasm and the nucleus, as well as adhesion forces to other cells and to ECM molecules. However, very few studies on MECs have been reported. Most, if not all, of these mechanical properties are likely to depend on the cell type and its differentiated state, and therefore are useful to characterize cellular phenotype in a quantitative fashion.
BIOMECHANICAL TOOLS FOR PROBING AND MANIPULATING SINGLE CELLS
These techniques employ different physical principles to measure and/or apply F and d in living cells; in some cases, F and d can be transformed into stress (force per unit area) and strain (deformation per unit length), respectively. Stress-strain relationships allow calculation of absolute mechanical parameters (20) . Each methodology is also unique in its resolution, the type of stress applied (tension/compression, shear), the distribution of stress (local or global), and the part of the cell being examined. For simplicity, each technique is introduced according to its physical operating principle (see schematic illustration in Fig. 2 ).
Techniques Based on Mechanical Sensors/Actuators
These techniques investigate cells by directly probing the cellular surface with different types of cantilevers or bendable beams that can be thought of as "fingers" or "hands" acting at molecular and cellular scales. These tools take advantage of the fact that, for small deformations, a cantilever acts like a spring and, as such, the bending force is easily calculated by measuring its deformation x and spring constant k, which are related by Hooke's law: F = kx.
Glass Microneedles (MN) and Related Techniques
A bendable glass microneedle attached to a micromanipulator is brought into contact with the dorsal cellular surface and moved vertically or horizontally to apply either compression/tension (pushing/pulling) or shear (dragging) forces ( Fig. 2(a) ). k of the needle is usually assessed by bending a second calibrated needle (21) . Bending of the needle is monitored by optical imaging and used to calculate F and d applied to the cell. At least two different instruments based on flexible glass beams have been reported to apply local (22) and global (23) compression to cells. Common applications of standard MN include measurement of the apparent cellular stiffness and shear modulus. Current limitations are the lack of standardized equipment and the semiquantitative mechanical information obtained. Furuya and coworkers used MN to show that intracellular Ca 2+ increases in MECs after local mechanical deformation and that this local effect spreads rapidly to neighboring cells, a process that may contribute to the coordinated control of casein phosphorylation and secretion in the mammary gland (15) .
Atomic Force Microscopy (AFM)
A micrometer-sized pyramidal or spherical tip located at the free end of a flexible silicon-based microcantilever is brought into contact with the dorsal cell surface using a piezoactuator to apply compression, tension, or shear forces ( Fig. 2(b) ). The bending of the cantilever is measured by focusing a laser beam on the back of the cantilever and collecting the light reflected off the surface onto a 4-segment photodetector. F is obtained by recording the imbalance between the light detected within the four segments. Cellular deformation is assessed by subtracting the cantilever bending from the vertical displacement of the piezoactuator. Currently available contact viscoelastic models allow the assessment of the cell-tip contact geometry and accurate calculation of absolute values of elastic and shear moduli (24) (Fig. 3(A) ). A map of viscoelastic parameters over the whole cell can be obtained by recording force-deformation data at different locations. AFM can also be used to image cellular topography and major variations in cellular stiffness (25) . Forces involved in cell-cell and cell-matrix adhesion have been measured by using tips coated with cells or specific ligands (26) . The main advantages of AFM are its versatility and commercial availability. However, there is a need for a standard method for calibrating k of the cantilever and for a more realistic viscoelastic contact models. Our laboratory is currently using this technique to determine how MECs modulate their mechanical properties during ECMinduced functional differentiation.
Substrates With Micropatterned Cantilevers (SMC)
Cells are cultured on a microfabricated array of flexible elastomeric cantilever posts of known geometry and k. As cells adhere and spread on top of the posts, they exert traction forces that deflect the cantilevers in different directions (Fig. 2(c) ). Bending of individual cantilevers is assessed by optical microscopy and used to calculate a 2D map of traction forces on the substrate (27) . Unlike other traction techniques (see below), SMC provides a straightforward measurement of the traction forces. A different design using horizontal cantilever beams has been used to monitor traction forces during cellular locomotion (28) . A major limitation of these approaches is that they require access to microfabrication facilities, since molds are not commercially available.
Techniques Based on Force Fields
These techniques use external force fields (electric, magnetic, or photonic) to manipulate cells by acting either on the cells themselves or on micrometer-sized beads that are attached to the cellular surface or internalized in the cytoplasm. In most setups these tools act like "tweezers" capable of manipulating specific parts of the cell.
Magnetic Bead Manipulation (MBM)
There are different approaches that probe the mechanical properties of individual cells by manipulating magnetic beads with magnetic fields (29, 30) . In a setup known as Magnetic Twisting Cytometry (MTC), micrometer-sized ferromagnetic beads are coated with ligands to allow their binding to the cell surface (30) . Each bead behaves like a small magnet and therefore their magnetic dipoles can be aligned in the same direction by applying a brief and strong magnetic field parallel to the substrate. When a second, weaker magnetic field is applied perpendicular to the substrate, the beads will rotate to orient their magnetic dipoles parallel to the external field ( Fig. 2(d) ), just as a compass rotates to become parallel to the earth's magnetic field. As the bead rotates, a torque is applied at the site of cellbead attachment. The torque is calculated from the theoretical applied magnetic field and the calibrated average magnetic moment of the beads (31). In the standard MTC method, bead rotation is indirectly measured by monitoring the decrease in the magnetic field created by the beads in the direction of initial bead magnetization using an in-line magnetometer (30) . Under these conditions, information about the rotation of individual beads is lost and therefore is not useful for single-cell studies. In a recent modification for single-cell applications, the lateral displacement of the beads is optically detected and quantified using an algorithm that tracks the center of mass (centroid) of the bead (31). This optical-MTC has been used to probe the changes in force transmission of cells subjected to pharmacological treatments and cells probed with different ligand-coated beads (31, 32) . Current challenges include theoretical analysis of the torque-induced forces and of the contact geometry.
Optical Tweezers (OT)
A ligand-coated micrometer-sized polystyrene or silica bead with high refractive index is trapped at the focal point of a laser beam focused using a high numerical aperture objective. Under these conditions, the density of photons in the focused beam develops a radiation pressure strong enough to trap the bead with a spring-like force (33) . The trapped bead is brought into contact with the cell surface and held to allow its attachment. Moving the laser beam parallel to the substrate applies a shear force at the site of cell-bead attachment (Fig. 2(e) ). Bead movement is usually measured by tracking the bead's centroid or by collecting the refraction of the beam on a photodetector. The effective k of the laser trap is calibrated by flowing solution past a trapped bead at a known velocity and calculating the force from Stoke's law. OT has been mainly used to study ligand-receptor adhesion forces (34, 35) and the mechanical properties of cell membranes (36) . Assessment of absolute mechanical values is limited by the difficulty of determining bead-cell contact geometry.
Techniques Based on Tracking the Motion of Embedded Particles
This group of techniques has been developed most recently and is based on tracking the motion of nanometer-or micrometer-sized particles embedded either inside the cell or in the substratum.
Tracking of Particles Inside Cells (TPC)
These particles can either be endogenous (lipid granules or mitochondria) (37, 38) or synthetic submicrometer beads internalized through phagocytosis (29) or microinjected into the cytoplasm or the nucleus (39) . The Brownian motion of several beads is tracked by analyzing videomicroscopy images or by detecting the refraction of a low-intensity laser focused on the particle (37); these data are used to calculate the mean-squared displacement (MSD) of the bead's centroid, which is directly related to the viscoelastic properties of the media surrounding the bead (38) . By tracking multiple particles inside a cell, it is possible to probe the mechanical heterogeneity of the cytoplasm and the nucleus (Fig. 2(f) ) (39) . Since this technique does not require force calibration, investigators can directly compare data obtained in different cell types as well as in cellular extracts. However, care must be taken that the injected particles do not perturb normal cellular functions and that particles that adhere to cellular structures are discarded (40) .
Tracking of Particles Embedded Inside the Substratum (TPS)
Traction forces exerted on the substratum were first visualized as wrinkles when individual cells were cultured on distortable sheets of silicone rubber (41) . More quantitative approaches have recently been developed, in which cells are plated on flexible polymeric substrates (silicone elastomers or polyacrylamide gels) containing several embedded beads (42) . The surface of the polymer is usually coated with a thin layer of ECM to facilitate cellular attachment. As cells attach and spread, they pull the substrate at different points and thereby change the positions of the beads (Fig. 2(g) ). A deformation map can be obtained by measuring the displacement of several beads using optical imaging. Computational analysis of the displacements in terms of elastic models provides a map of the traction forces developed in the substrate and at the cell-substrate interface (43) . These so-called traction microscopy techniques have been used to study ventral cellular adhesion and migration (42) . A major challenge in TPS is to develop more realistic theoretical models that overcome the assumption that the substrate has pure elastic behavior and that the layer of ECM does not affect the transmission of traction forces. Rabinovitz and coworkers (44) used this approach to study the forces that breast carcinoma cells exert on BM gels specifically through α 6 β 4 integrins. They found that these integrins can transmit forces to laminin without engaging other integrins and suggested that these traction forces are important in BM remodeling.
BIOMECHANICAL TOOLS FOR PROBING AND MANIPULATING GROUPS OF CELLS ON FLAT SUBSTRATA (2D)
Several tools have been developed to probe and manipulate groups of cells or full monolayers in 2D cultures. Unlike those for single cells, many of the techniques are commercially available and usually do not require very sophisticated instrumentation, as larger forces are needed to deform cells in bulk. By studying large numbers of cells simultaneously, these techniques can easily be combined with standard bulk biological assays to measure changes at protein and mRNA levels. We present each technique based on its application (schematized in Fig. 4) , highlighting existing and potential applications in the mammary gland. Cellcell and cell-substrate adhesion can be assessed by monitoring the changes in electrical impedance as cells spread across a substrate coated with microelectrodes and subjected to an alternate current (d). Cell deformability can be probed in bulk by applying local torques through magnetic beads bound to the cell surface subjected to external magnetic fields (e). Cell shape can be controlled qualitatively by culturing cells in substrates coated with a nonadhesive substance (f) and quantitatively by using micropatterned surfaces (g).
Tools Used to Exert Forces on Cells
Cells in the mammary gland are subjected to a dynamic mechanical environment. During pregnancy and lactation, MECs experience changes in tension/stretch from suckling, compression due to engorgement from the increased fluid in the ductal network, and shear from the flow of milk through the gland. Although each of these stresses (tension/compression and shear) can be simulated in culture, the effects of these physical signals on MECs are largely unknown. Moreover, none of these stresses have been properly quantified in vivo. The following tools apply stresses to populations of cells using direct mechanical approaches. Cellular response is monitored by traditional biochemical and microscopy methods either during or after the application of the stress. Thus, these tools are very useful to study systematically the effect of different stresses on tissue-specific function. These 2D techniques can be classified according to the type of stress (tension/compression or shear) applied.
Several designs have been developed to apply stretch or strain to groups of cells, some of which are commercially available. Most require culturing cells on a flexible elastomeric membrane and subsequently distorting that membrane using vacuum or mechanical actuators to pull the substratum in one (uniaxial strain) or two (biaxial strain) directions (Fig. 4(a) ) (45) . Controlling the duration and rate of the membrane's distortion allows the investigator to apply both steady and oscillating stretch to the cells. Although the stretch applied to the cells is a function of the strain applied to the elastomeric membrane, they may differ dramatically (32) . In addition, the membrane deformations achieved, and therefore the strains applied to the cells, may be nonuniform across the substrate (45) . Our laboratory is currently using a vacuum-operated stretching device to study the effect of exogenous forces in regulating tissue-specific gene transcription, expression, and secretion.
To apply a compressive stress, cells are usually grown on membrane-based cell culture inserts, which separate apical and basolateral compartments, and subsequently subjected to a hydrostatic or transmembrane pressure change in the upper (apical) portion of the chamber (46) (Fig. 4(b) ). The method produces a uniform stress across the monolayer, and requires no special equipment. To apply a shear stress, monolayers of cells are typically grown on slides that are subsequently used as the bottom plane of a parallel-plate flow chamber (Fig. 4(c) ). This simple geometry allows control of the shear stress on the surface of the cells by defining the laminar flow rate through the chamber and the distance between the top and bottom planes. The flow of fluid through the chamber can be controlled either with pumps (47) or gravity (48) . To date, the study of the effects of shear stress has been limited primarily to endothelial cells, since this cell type is subjected to shear due to blood flow. These studies have reported that shear stresses affect signaling through Erk, Rho GTPases, and reactive oxygen species (49) .
Tools to Measure Cellular Adhesion and Mechanics
A popular method to monitor changes in cellular adhesion is based on plating cells on substrates coated with microelectrodes, applying a small alternating current, and measuring changes in transcellular electrical resistance or impedance. Since plasma membranes constrain the current, increased cell-ECM adhesion will reduce the current measured, thereby increasing the electrical impedance (Fig. 4(d) ). Importantly, increasing cell-cell adhesion will also reduce the current that passes through the cellular monolayer; to circumvent this complication, algorithms have been developed to calculate contributions from cell-ECM and cell-cell adhesion (50) . The microelectrode substrates are commercially available and have been used to monitor temporally the adhesion of different cell types and cells subjected to different perturbations. This approach does not provide absolute values, since its measurements are relative to a baseline level. Mechanical properties of a population of cells can be probed by magnetic twisting cytometry (MTC; Fig. 4(e) ) (30) . Coating the magnetic beads with ligands specific for different cell-surface receptors has allowed the probing of the efficiency of different receptors in transmitting forces to the cytoplasm. MTC is subject to the same limitations as MBM, in addition to those derived from the magnetic detection approach. The combination of biochemical bulk measurements with the ability of MTC and similar magnetic bead-based devices to apply mechanical stresses to specific cell surface receptors represents a valuable approach to identify proteins and signaling molecules that are directly regulated by mechanical signals. The p38 mitogenactivated protein kinase and the transcription factor Sp1 were found to be modulated by external forces in fibroblasts using this experimental approach (51) . The measurement of the average spreading, adhesion, and mechanical properties of a cell population provides quantitative approaches to characterize a given cellular phenotype. These quantitative approaches may allow distinguishing normal and malignant MECs in terms of their biophysical properties, as well as testing the effect of different treatments such as agents that revert the malignant phenotype.
Tools to Control Cell Shape
Cell shape plays a central role in the regulation of functional differentiation of MECs. As mentioned above, flattened MECs fail to express any milk proteins in the presence of lactogenic hormones, while prerounded cells express lactoferrin and transferrin. Moreover, transcription of β-casein is triggered much more rapidly in prerounded than in flattened cells upon exposure to laminin (Fig. 1(B) ) (8) . Cell shape has similarly been shown to regulate cellular uptake, differentiation, proliferation, and cell death of several cell types (17, (52) (53) (54) (55) . All of the methods that have been developed to date to control cell shape operate by controlling the extent of adhesion between cells and the underlying substratum. Folkman and Moscona pioneered the use of poly (2-hydroxyethyl methacrylate) (polyHEMA), a chemically inert material, over 25 years ago (53) . Tissue culture plastic coated with a layer of polyHEMA is nonadhesive to proteins and cells (Fig. 4(f) ); decreasing the density of polyHEMA adsorbed on the surface increases the amount of ECM proteins that can subsequently adsorb from solution, and thereby increases the extent of spreading of cells. However, polyHEMA neither controls the shape of individual cells per se nor the amount of cell-cell contacts, thereby introducing undesired variability. Greater control over the shape of individual cells can be obtained using more sophisticated methods based on one of the many micropatterning techniques developed in the past 10 years (56). Micropatterning uses technologies from the semiconductor industry to control the location, geometry, and size of adhesive and nonadhesive moieties on the underlying cell-culture surface with micrometer precision. Cells seeded on these surfaces can only attach and spread on the adhesive islands and not on the surrounding nonadhesive regions; by controlling the geometry of the islands, investigators can indirectly control the shape of cells on the surface (Fig. 4(g) ). A primary advantage of micropatterning is its ability to specify a priori the shape of the cells. However, it is limited by the fact that substrates are not commercially available, and therefore access to microfabrication facilities is required. We anticipate that the application of micropatterning techniques to control cell shape may help in dissecting how cell shape participates in the regulation of tissue-specific gene expression in MECs.
BIOMECHANICAL TOOLS FOR PROBING AND MANIPULATING CELLS IN 3D CULTURES
Although it is now well recognized that cellular behavior in 3D culture is a closer reflection of natural physiology than that in 2D culture (57) , there are surprisingly few techniques to investigate and manipulate cells under 3D conditions. Likewise, little is known about the mechanical properties of ECM gels themselves. A better knowledge of the forces developed within ECM gels may help elucidate the role that physical properties of different ECM components play in MEC function in vivo. In particular, it has been suggested that differences in the polymerization properties of laminin 1, laminin 5, and laminin 10/11 may account for the failure of the latter two to promote the acquisition of functional polarity of MECs in 3D cultures (6) . The relative tension cells experience in 3D cultures can be manipulated by altering the attachment of the matrix to the walls of the culture vessel. Attached and floating gels are expected to have the same composition, but different local density and internal stresses. Although it is clear that the internal forces in attached (restrained) gels will be dramatically different from those in floating (unrestrained) gels, the differences in mechanical stresses developed within the matrix have yet to be quantitatively and theoretically analyzed. Nevertheless, it is presumed that floating gels overall are more compliant than attached gels (58) and therefore cells cultured in floating gels experience less resistance.
As already mentioned, MEC function and morphogenesis in 3D collagen are dramatically altered, depending on whether or not the gel is restrained (11) (12) (13) . In a different and more recent approach, tension has been directly exerted on cells in 3D gels by applying a strain to the gel in a modification of a 2D stretching technique (59) . The forces exerted within collagen gels have been investigated by measuring the ability of the cells to contract a slab of gel over time (22) . Overall, none of these methods provides a direct quantitative measurement or manipulation of the mechanical properties of cells in 3D cultures. Moreover, it is important to note that it is very difficult to modify the mechanical properties of a material without altering its chemical properties, and cells can undoubtedly sense differences in the chemistry of the materials in which they are embedded.
CONCLUSIONS AND FUTURE DIRECTIONS
The use of biomechanical tools has dramatically expanded our knowledge of the mechanical properties of different cell structures as well as the effect of mechanical signals on gene expression in different cell types (26, 35, 39, 40, 60) . In particular, the expression, activity, and localization of several molecules, including transcription factors, cytoskeletal proteins, growth factors, ECM molecules, matrix metalloproteinases, and reactive-oxygen species, have been identified as being dramatically modulated by physical signals in MECs (8, 12, 61) (Radisky et al., submitted for publication) and other cell types (46, 62, 63) . Our knowledge of structure-function relationships in mammary epithelia in particular can further benefit from biomechanical approaches in at least three different ways. First, these tools allow a systematic study of the effect of mechanical forces on the regulation of transcription, translation, and secretion of tissue-specific genes or any gene of interest. Second, it is possible to determine quantitatively different biophysical properties that may define cell phenotype, such as membrane elasticity (involved in secretory activity) (64) , cell viscoelasticity (related to cell shape and plasticity) or cell-ECM adhesion (60) . Finally, physical signals involved in the bidirectional interaction between epithelial and stromal cells or luminal and myoepithelial cells can be probed and manipulated.
There are several intrinsic features of living cells that distinguish them from inert matter and that need to be considered to facilitate the biological interpretation of biomechanical data. Unlike most engineered materials, cells are dynamic. Thus, they continuously undergo internal rearrangements to perform their different tasks and to respond to mechanochemical signals from the microenvironment (3, 10, 55) . Furthermore cells may sense and respond differently to different physical stimuli, and these responses will probably depend on cell type as well as its differentiated state. In addition, whereas structural changes triggered by the probe itself are usually ignored, they can be quite important, particularly in techniques that use ligandcoated beads (65) . Therefore, a meaningful interpretation of biomechanical data requires their combination with biochemical "read-outs" to identify the functional differentiated state of the cell being investigated. Otherwise, it becomes very difficult to dissect what is a general cellular property and what is cell type-or function-specific. Likewise, biochemical data become much more meaningful when the inter-or extra-cellular physical signals involved are probed as well. Since cell function is controlled by context through integration of both biochemical and biophysical signals, we believe it is crucial to take a more integrative approach in mammary gland biology in which biomechanical and bioengineering tools are combined with biochemical techniques.
Current biomechanical approaches are still subject to several technological and theoretical limitations that offer challenges for the future. Most of these tools are not commercially available and require some degree of expertise in the fields of physics, engineering, and mathematics. Moreover, although cells develop stresses and strains in three dimensions, currently available techniques only measure forces and deformations in one or two dimensions. In addition, most techniques rely on simplified theoretical models, usually based on unrealistic idealizations of cellular behavior to extract quantitative data. Perhaps the most urgent technological need is to develop tools to interrogate cells embedded in 3D cultures. Currently existing methodologies based on external force fields have the potential to fill this technological gap (66) . Above and beyond technological improvements, there is also an urgent need to develop conceptual frameworks and models to aid the integrative analysis of genomic, proteomic, and mechanochemical data. Although the discussion of possible conceptual frameworks is beyond the scope of this review, we briefly highlight two groups of data that could provide some clues. The first set of data providing a clue is based on the fact that connections occur among ECM, cell-surface receptors, CSK, and nuclear skeleton (3, 67, 68) . These connected structures form an architectural scaffold (commonly referred to as tissue matrix) capable of transmitting physical signals outside-in (67) and inside-out (34) in a dynamic and reciprocal fashion (3). The existence of this scaffold provides a mechanism of integrating physical signals with cellular function by modulating the different signal transduction pathways overlain within it, although other mechanisms for cellular mechanotransduction are also possible (69) . Another set of data provides a clue based on the findings that different signaling pathways, including those downstream of β1 integrin and EGFR (10, 70) , laminin and prolactin receptors (71) , or β 4 integrin-laminin interaction, and NFκB activation (17) are properly coordinated in 3D but not 2D cultures. This structure-dependent functional coordination of signaling pathways suggests that the 3D environment provides the correct spatial organization and compartmentation to enhance and/or inhibit the formation of signaling modules or nodes necessary to achieve a given cellular function. From this perspective, it was recently suggested that aspects of this integration appear to mimic features of the nodalbased organization used in different complex networks (10) .
We expect that our current understanding of the intimate structure-function relationship that occurs in the mammary gland will benefit enormously from the combination of biomechanical technologies with biochemical, bioengineering, and computational methodologies. In particular, it is anticipated that such multidisciplinary research will allow more and more aspects of mammary gland biology to be expressed in mathematical terms. Undoubtedly, current efforts to develop techniques to study cells cultured in conditions that recapitulate behavior in vivo will facilitate this very challenging yet fascinating endeavor, as is already happening in other tissues and for single molecules (60) .
ACKNOWLEDGMENTS
We apologize to all those investigators whose papers could not be quoted due to space limitations. We thank Carlos Bustamante for helpful guidance and support (to J.A.). We also thank Jamie Bascom and other members of the Bissell Laboratory for helpful suggestions. 
